burgdorferi and one (2%) was positive for the agent of human granulocytic ehrlichiosis. Different species of ticks transmit different pathogens, and most tick-borne diseases have similar early symptoms, therefore knowing the species and infection status of the tick enhances the physicianÕs ability to consider tick-borne agents as a potential cause of disease and recommend appropriate therapy. Ongoing surveillance of the vector species of human diseases provides an additional estimate of human encounters with infected ticks, and testing ticks removed from humans may increase our knowledge of the vector status of tick species for transmitting tick-borne pathogens.
TICKS REMOVED FROM military personnel, military dependents, and Department of Defense (DOD) civilian employees are sent by DOD medical personnel and clinics to the Tick-Borne Disease Laboratory of the U.S. Army Center for Health Promotion and Preventive Medicine (USACHPPM), Aberdeen Proving Ground, MD, for identiÞcation and analysis. Results of tick identiÞcation and analysis are then reported back to the tickbite patientÕs health care provider. This service, called the Human Tick Test Kit Program, was initiated in 1989 in response to the threat of Lyme disease, and offered tick identiÞcation and immunoßuorescent antibody testing for Borrelia burgdorferi Johnson, Schmid, Hyde, Steigalt and Brenner, the etiological agent of Lyme disease. The method of pathogen analysis was changed to PCR in 1997, to quickly test DNA from a single tick for the presence of different pathogen sequences; and the list of target pathogens expanded to include Ehrlichia chaffeensis Anderson, Dawson & Wilson, the etiological agent of human monocytic ehrlichiosis (HME), the agent of human granulocytic ehrlichiosis (HGE), spotted fever group (SFG) rickettsiae and, speciÞcally, Rickettsia rickettsii, the agent of Rocky Mountain spotted fever. Different species of ticks transmit different pathogens, and most tick-borne diseases have similar early symptoms, therefore knowing the species and infection status of the tick enhances the physicianÕs ability to consider tick-borne agents as a potential cause of disease and recommend appropriate therapy. The results of tick identiÞcation and analyses are also used in combination with USACHPPM environmental survey data (Þeld collected tick and mammal-host infection frequencies) to assess the threat of tick-borne diseases on speciÞc military installations.
Here we present the prevalence of human pathogen infection that we have found in several tick vectors over a broad geographic area. Detection of zoonotic agents is not always best accomplished by human case-Þnding, especially in the instances of HME and HGE, which did not ofÞcially become nationally notiÞable to the Centers of Disease Control and Prevention (CDC) until 1999. Ongoing surveillance of the vector species of human diseases provides an additional estimate of human encounters with infected ticks, and testing ticks removed from humans may increase our knowledge of the vector status of tick species for transmitting tickborne pathogens.
Materials and Methods
Ticks. In 1997, 1,315 ticks were received by the Human Tick Test Kit Program. One hundred forty ticks were from active duty military, 34 from retired military, 719 from U.S. Army Reserve/National Guard, 144 from military dependents, and 74 from DOD civilians. Two hundred four ticks were sent without information on the employment status of the tickbite victim. Ticks that were received alive were tested by PCR for the pathogens associated with each species. Ticks of the same species removed from the same patient were pooled for testing. In 1997, 4% of PCRs were performed on pooled ticks, and the average pools size was three ticks. In summarizing data, each tick in a pool was counted as a single sample but infection rates of the pools were calculated using a minimum infection rate of one tick per pool.
Amblyomma americanum. A total of 222 Amblyomma americanum (L.) was tested for E. chaffeensis and B. burgdorferi. A. americanum is considered the major vector for E. chaffeensis (Anderson et al. 1993; Ewing et al. 1995; Lockhart et al. 1996 Lockhart et al. , 1997 , but the potential for A. americanum to transmit B. burgdorferi is the subject of current study and controversy. B. burgdorferi has been reported from A. americanum ticks in Alabama (Luckhart et al. 1992) , Missouri (Feir et al. 1994 , Oliver et al. 1998 , Oklahoma , Texas (Teltow et al. 1991) , New Jersey (Schultze et al. 1984) , North Carolina (Magnarelli et al. 1986) and Virginia (Levine et al. 1991 ), but A. americanum has not been able to successfully maintain and transmit infection with B. burgdorferi in the laboratory (Mukolwe et al. 1992, Sanders and Oliver 1995) . Because cases of Lyme disease and Lyme-like disease are reported from areas in the south and southeast that have abundant A. americanum populations and scarce Ixodes scapularis Say (the major vector of Lyme disease), we tested A. americanum for B. burgdorferi. However, we did not test A. americanum for SFG rickettsiae, because the rickettsia found infecting them is thought to be nonpathogenic (Burgdorfer 1988) .
Dermacentor variabilis. A total of 308 Dermacentor variabilis (Say) was tested SFG rickettsiae. Although there are reports of D. variabilis found PCR-positive for E. chaffeensis (Anderson et al. 1993 , Roland et al. 1998 , no studies of E. chaffeensis transmission by D. variabilis have been published, and the relative importance of other species in the epidemiology of E. chaffeensis appears minimal when compared with that of A. americanum (Lockhart et al. 1997 (Rosa et al. 1991 , although D. variabilis is thought to be an incompetent B. burgdorferi vector (Piesman and Sinsky 1988 , Mukolwe et al. 1992 , Sanders and Oliver 1995 .
Ixodes scapularis. Twenty-four I. scapularis ticks were tested for B. burgdorferi and the agent of HGE.
DNA Extraction. Tick DNA was extracted using the IsoQuick nucleic acid extraction kit (ORCA Research, Bothell, WA). Individual ticks were placed in 100 l of reagent A and bisected with a sterile 18-gauge hypodermic needle. Then 200 l of reagent #1 (60% guanidine thiocyanate), 700 l of reagent #2 (proprietary extraction matrix), and 400 l of reagent #3 (0.5% sodium dodecyl sulfate, 0.5% NaCl) were added to the original 100 l. The phases were separated by centrifuging at 12,000 ϫ g for 5 min. An equal volume of isopropanol and 0.1 volumes of reagent #4 (40% sodium acetate) were added to the aqueous phase. This mixture was centrifuged at 12,000 ϫ g for 10 min to collect the precipitated DNA. The resulting pellet was washed with 1 ml of 70% ethanol and centrifuged again at 12,000 ϫ g for 5 min to collect the DNA. The Þnal pellet was resuspended in 25Ð50 l of reagent #5 (RNase-free water). One microliter was used for PCR.
Polymerase Chain Reaction. All PCRs were performed under strict conditions to minimize the risk of amplicon contamination. Extraction of tick DNA, reaction setup, and gel analysis of PCR products were performed in physically separated areas using dedicated pipettes and aerosol-resistant Þlter pipette tips. Each PCR set included at least one negative control with water substituted for DNA template. A Perkin Elmer 9600 thermal cycler (Foster City, CA) was used for all reactions. Reaction products were analyzed by agarose gel electrophoresis in 2% agarose gels stained with ethidium bromide and visualized with UV transillumination.
PCR for Tick DNA. The quality and quantity of each extracted DNA was assessed by PCR with tick mitochondrial DNA primers 16Sϩ2 and 16SϪ1 (Black and Piesman 1994 ) using 35 cycles of 95ЊC for 30 s, 55ЊC for 30 s, and 72ЊC for 1 min.
PCR for B. burgdorferi. Initial PCR for B. burgdorferi used nested primers for a chromosomal target sequence (Rosa et al. 1991) . Each primary PCR ampliÞcation contained 200 M each dNTP (dATP, dCTP, dGTP, and dTTP), 1.25 U Taq polymerase and 1.0 M each primer a (5Ј CGAAGATACTAAATCTGT) and aЈ (5Ј GATCAAATATTTCAGCTT) in a volume of 50 l. Cycling conditions involved an initial 1-min denaturation at 94ЊC, then 30 cycles with each cycle consisting of a 30-s denaturation at 94ЊC, a 30-s annealing at 50ЊC, and a 1-min extension at 70ЊC. Nested PCR was performed using 1 l of the primary PCR product as template. Each nested ampliÞcation used the identical reaction cocktail as the primary PCR, except 1.0 M each primer f (TGCAGAAACACCTTTTGAAT) and f Ј (AATCAGTTCCCATTTGCA). Cycling conditions of the nested reaction were identical to those of the primary reaction. Tick DNAs found positive in the Rosa PCR were subsequently reconÞrmed using nested primers for the ßagellin (fla) gene of B. burgdorferi (Johnson et al. 1992) . Each primary ampliÞ-cation in the fla PCR contained 200 M each dNTP (dATP, dCTP, dGTP, and dTTP), 1.25 U Taq polymerase and 1.0 M each primer outer one (5Ј AAG-TAGAAAAAGTCTTAGTAAGAATGAAGGA) and outer two (5Ј AATTGCATACTCAGTACTATTCT-TTATAGAT) in a volume of 50 l. Cycling conditions involved an initial 2-min denaturation at 94ЊC, then 35 cycles with each cycle consisting of a 30-s denaturation at 94ЊC, a 1-min annealing at 55ЊC and a 2-min extension at 72ЊC. Nested PCR was performed using 1 l of the primary PCR product as template and the same reaction cocktail as the primary ampliÞcation except 1.0 M each primer inner one (5Ј CACATATTCAGATGCAGACAGAGGT-TCTA) and inner two (5Ј GAAGGTGCTGTAG-CAGGTGCTGGCTGT). Cycling conditions of the nested reaction were identical to those of the primary reaction.
PCR for E. chaffeensis. Initial nested PCR for E. chaffeensis targeted a 16S rRNA gene fragment (Anderson et al. 1992 ; R. F. Massung, unpublished data). Each primary PCR ampliÞcation contained 1.5 mM MgCl2, 200 M each dNTP (dATP, dCTP, dGTP, and dTTP), 1.25 U Taq polymerase and 0.5 M each primer HE1 (5Ј CAATTGCTTATAACCTTTTGGT-TATAAAT), and HE20 (5Ј GAATTCCGCTATC-CTCTTTCGAC) in a volume of 50 l. Cycling conditions involved an initial 2-min denaturation at 95ЊC, then 40 cycles with each cycle consisting of a 30-s denaturation at 94ЊC, a 30-s annealing at 55ЊC, and a 1-min extension at 72ЊC. These 40 cycles were followed by a 5-min extension at 72ЊC. Nested PCR was performed using 1 l of the primary PCR product as template. Each nested ampliÞcation contained the same reaction cocktail as the primary except 0.2 M each primer HE1 (5Ј CAATTGCTTATAACCTTTT-GGTTATAAAT) and HE3 (5Ј TATAGGTACCGT-CATTATCTTCCCTAT). Thermal cycler parameters were identical to those of the primary reaction except shortened to 30 cycles. All DNAs producing amplicons in the 16S rRNA gene PCR were reconÞrmed using two primer sets, the Þrst targeting the 120-kDa protein gene of E. chaffeensis (Yu et al. 1997 ) and the second priming a variable-length PCR target (VLPT) (Paddock et al. 1997 , Sumner et al. 1999 . The 120-kDa protein gene primers amplify a tandem repeat region and were developed to investigate strain diversity of E. chaffeensis. One product of the nested reaction is Ϸ1,000 bp in length and consists of four tandem repeat units; a second product is Ϸ870 bp in size and contains three tandem repeat units. Each primary PCR ampliÞcation contained 10 mM Tris-HCl (pH 9.0 at room temperature), 1.5 mM MgCl2, 200 M each dNTP (dATP, dCTP, dGTP, and dTTP), 1.5 U Taq DNA polymerase, and 1.0 M each primer PXCF3 (5Ј GAGAATTGATTGTGGAGTTGG) and PXAR4 (5Ј ACATAACATTCCACTTTCAAA) in a total reaction volume of 25 l. Nested PCR was performed using 0.5 l of the primary PCR product as template. Each nested PCR ampliÞcation contained the same reaction cocktail as the primary reaction except 1.0 M each primer PXCF3b (5Ј CAGCAAGAGCAAGAAGAT-GAC) and PXAR5 (5Ј ATCTTTCTCTACAACAAC-CGG). Cycling conditions for both primary and nested reactions involved an initial 3-min denaturation at 94ЊC, then 30 cycles with each cycle consisting of a 30-s denaturation at 94ЊC,1-min annealing at 55ЊC, and a 3-min extension at 72ЊC. These 30 cycles were followed by a 5-min extension at 72ЊC. The VLPT primers amplify a tandem repeat region of the VLPT gene and were also designed to differentiate among isolates of E. chaffeensis. The internal reaction produces four amplicon sizes, 396 bp (three tandem repeats), 486 bp (four tandem repeats), 576 bp (Þve tandem repeats), and 666 bp (six tandem repeats). The primary PCRs were prepared using Ready To Go PCR Beads (Amersham Pharmacia Biotech, Piscataway, NJ), which contain 10 mM Tris-HCl (pH 9.0 at room temperature), 1.5 mM MgCl2, 200 M each dNTP (dATP, dCTP, dGTP, and dTTP) and 1.5 U Taq DNA polymerase and 1.0 M each primer FB3A (5Ј AAGACTGAAACGTTATAGAG) and FB5A (5Ј GT-GACATCTTAGTTTAATAGAAC) in volumes of 25 l. Nested PCR was performed using 0.5 l of the primary PCR product as template, 1.0 M each primer FB3 (5Ј GCCTAATTCAGATAAACTAAC) and FB5C (5Ј GTTGATCATGTACCTGTGTG), and Ready To Go PCR Beads. Cycling conditions for the primary PCR were composed of 30 cycles of a 30-s denaturation at 94ЊC, a 1-min annealing at 55ЊC, and a 45-s extension at 70ЊC. The annealing temperature of the nested PCR was increased to 60ЊC, otherwise cycling conditions were the same for primary and nested PCR.
PCR for the Agent of HGE. Nested reactions amplifying a 546-bp portion of the 16S rRNA gene of the HGE agent (Chen et al. 1994 , Massung et al. 1998 were performed in volumes of 50 l. One microliter of IsoQuick extracted DNA was used as template for analysis. The primary PCRs were prepared using 0.5 M each primer GE3a (5ЈCACATGCAAGTC-GAACGGATTATTC) and GE10r (5ЈTTCCGTTAA-GAAGGATCTAATCTCC) and a reaction mix of 1.5 mM MgCl2, 200 M each dNTP (dATP, dCTP, dGTP, and dTTP), 1.25 U Taq polymerase. Nested PCRs were performed using 0.5 l of the primary PCR product as template, 0.2 M each primer GE9f (5ЈAACGGAT-TATTCTTTATAGCTTGCT)and GE2 (5ЈGGCAG-TATTAAAAGCAGCTCCAGG), and the same reaction mix as the primary reaction. Cycling conditions for the primary reaction involved an initial 2-min denaturation at 95ЊC, then 40 cycles of a 30-s denaturation at 94ЊC, 30-s annealing at 55ЊC and a 10-min extension at 72ЊC. These 40 cycles were followed by a 5-min extension at 72ЊC. In the nested reaction, the protocol was shortened to 30 cycles.
PCR for SFG Rickettsia. First, all D. variabilis were screened for SFG rickettsiae using 120-kDa antigen gene primers BG1Ð21 (5ЈGGCAATTAATATCGCT-GACGG) and BG2Ð20 (5ЈGCATCTGCACTAGCAC-TTTC) (Eremeeva et al. 1993) . Reactions were performed in a volume of 50 l which contained 1.5 mM MgCl2, 200 M each dNTP (dATP, dCTP, dGTP and dTTP), 1.25 U Taq polymerase and 1.0 M each primer BG1Ð21 and BG2Ð20. Cycling conditions consisted of 20 s denaturation at 95ЊC, 30 s annealing at 53ЊC, and a 2-min extension at 60ЊC. Aliquots of 5 l of any ampliÞed product were then digested with 0.5 l (5 U) of restriction endonuclease RsaI for 2 h at 37ЊC, and the restriction products were separated in a 3% agarose gel. Tick DNA PCR-positive in the 120-kDa PCR were reconÞrmed in reactions primed with R. rickettsii 190-kDa antigen gene primers Rr 190.70p (5ЈATGGC-GAATATTTCTCCAAAA) and Rr 190.602n (5ЈAGT-GCAGCATTCGCTCCCCCT) (Regnery et al. 1990 ). The reaction mix contained 1.5 mM MgCl2, 200 M each dNTP (dATP, dCTP, dGTP, and dTTP), 1.25 U Taq polymerase and 1.0 M each primer Rr 190.70p and Rr 190.602n in a volume of 50 l. The thermal cycling protocol consisted of 20-s denaturation at 95ЊC, 30-s annealing at 53ЊC, and a 2-min extension at 60ЊC. Aliquots of 5 l of any ampliÞed product were digested with 0.5 l (5 U) restriction endonuclease PstI for 2 h at 37ЊC, and these digestion products were separated in a 3% agarose gel.
Results and Discussion
Infection in A. americanum. Thirty-three of the 222 (15%) A. americanum DNAs produced amplicons of the expected size of E. chaffeensis in the initial 16S rRNA PCR (Table 1) . Within 1 wk after each initial PCR, a second 16S rRNA PCR was performed, and 24 of the 33 (73%) initially positive were reconÞrmed positive (Table 1) . One year later, in 1998, PCR with E. chaffeensis 120-kDa antigen primers reconÞrmed only Þve of the 33 positive in the 16S rRNA PCR; and in 1999, PCR of 28 of the 33 DNAs (Þve had been expended) with the VLPT primer set reconÞrmed seven DNAs, including the same Þve DNAs positive in the 120-kDa PCR (Table 1) . It is not known if the failure of the samples found positive in the 16S rRNA a Second PCR using primers speciÞc for 16S rRNA gene of E. chaffeenis (Anderson et al. 1992 , R. F. Massung, CDC, Atlanta, GA, unpublished data).
b 120-kDa PCR using primers speciÞc for the 120-kDa antigen gene of E. chaffeenis, which amplify a tandem repeat region that differs in number of repeats (Yu et al. 1997) .
c VLPT PCR using primers speciÞc for the variable-length PCR target (VLPT) of E. chaffeensis, which amplify a tandem repeat region that differs in number of repeats (Sumner et al. 1999 , Paddock et al. 1997 d Ticks were pooled for PCR.
PCR to reconÞrm in the subsequent PCRs was due to sample degradation over time, false positives in the 16S rRNA PCR, or genetic variance among the samples. The extracted DNAs, stored at Ϫ70ЊC in highly puriÞed H2O, were thawed and handled several times over a 2-yr period; template concentrations close to the threshold of detection might have been reduced to concentrations below the level of detection by these conditions. False positives are a constant concern, but contamination controls included in all PCRs were consistently negative. Although the 16S rRNA primers are considered to be speciÞc for E. chaffeensis (Anderson et al. 1992) , the 16S rRNA gene is highly conserved among Ehrlichia species, and 16S rRNA sequence identity may not be sufÞcient to guarantee species identity (Fox et al. 1992 ). Sequences of species other than E. chaffeensis might have been ampliÞed by the 16S rRNA primers. Using the Rosa primers in the initial PCR, 26/222 (12%) A. americanum DNAs produced amplicons indicating B. burgdorferi; a second Rosa PCR reconÞrmed 22/24 of these positives (two were not tested), and the subsequent PCR with fla ampliÞed 7/26 initially positive (Table 2) . Similarly, Oliver et al. (1998) and Felz et al. (1999) report inconsistencies in repeated assays using the same primers, and also a pattern of inconsistent ampliÞcation when different primers were used on the same samples. Perhaps this reßects the presence of B. burgdorferi strains with heterologous sequences, or a different Borrelia. A molecularly distinct Borrelia, provisionally named B. lonestari, has been detected in A. americanum (Barbour et al. 1996) . Its pathogenicity has yet to be determined, but it may be responsible for cases of a Lyme diseaselike illness associated with bites of A. americanum in the southeastern and south-central United States. All B. burgdorferi-positive A. americanum DNAs that were not expended during our testing were sent to Angela James, Centers for Disease Control and Prevention (CDC), Ft. Collins, CO, for further analysis. Using immunoßuorescent antibody testing and PCR, we have found A. americanum positive for B. burgdorferi since the inception of the Tick Test Kit Program in 1989 (E.Y.S. and S.R.E., unpublished data). Hopefully, the status of A. americanum as a vector of Lyme disease will soon be deÞned.
Five A. americanum appeared to be coinfected with both E. chaffeensis and B. burgdorferi (Tables 1 and 2 ). PCR analysis of Ixodes scapularis ticks has revealed coinfection with B. burgdorferi and the agent of HGE (Daniels et al. 1998 , Schauber et al. 1998 , Varde et al. 1998 , and it was not unexpected that we would Þnd additional examples of more than one pathogen in a single A. americanum.
Infection in D. variabilis. Thirteen of the 308 (4%) D. variabilis were PCR-positive for SFG rickettsiae in the initial 120-kDa PCR, and all 13 subsequently reconÞrmed positive in the 190-kDa PCR. Restriction fragment-length polymorphism analysis of both PCR products (120-kDa PCR products digested with restriction endonuclease RsaI; 190-kDa PCR products digested with restriction endonuclease PstI) indicated (Rosa et al. 1991) . b fla PCR using primers speciÞc for the ßagellin gene of B. burgdorferi (Johnson et al. 1992 ), but laboratory infection of D. variabilis with B. burgdorferi has been found to be inefÞcient and shortlived; and the ticks do not appear to maintain the infection transtadially Sinsky 1988, Mukolwe et al. 1992) . Antimicrobial agents are present in D. variabilis hemolymph that may render this tick resistant to infection with B. burgdorferi (Johns et al. 1998 , Johns et al. 2000 . However, the D. variabilis that we found B. burgdorferi-positive were all adults, all removed from human hosts, and all but two were unengorged. This evidence suggests that the B. burgdorferi infection that we detected was transmitted transtadially from nymph to adult. Lyme disease is endemic in Monroe County, WI, B. burgdorferiinfected I. scapularis are numerous, and populations of I. scapularis and D. variabilis exist in temporal and spatial sympatry (Godsey et al. 1987, Riehle and Paskiewitz 1996) . B. burgdorferi survival in D. variabilis might be enhanced during co-feeding with infected I. scapularis on the larval and nymphal hosts if there is uptake of I. scapularis salivary compounds by D. variabilis. However, PCR has been found to amplify DNA fragments of nonviable organisms (Dupray et al. 1997 , Varde et al. 1998 , Wicher et al. 1998 , so ampliÞcation of B. burgdorferi DNA sequences from D. variabilis could indicate only the presence of degraded organisms. Furthermore, the case of human infection might have been mistakenly attributed to the bite of a D. variabilis: this large tick might have been discovered by the patient while, concurrently, a smaller I. scapularis had engorged undetected and transmitted the infection. Soldiers on Þeld exercises in Monroe County, WI, are simultaneously exposed to both species of ticks.
Infection in I. scapularis. Five of 24 (21%) of the I. scapularis tested were positive for B. burgdorferi with both the Rosa and fla primers, and one was positive for the agent of HGE. Our lack of data for this tick species is a result of our decision to test only live ticks. The prostriate tick I. scapularis has proven less likely to survive the trauma of removal and shipment than the larger, more robust metastriate Ixodids A. americanum and D. variabilis. In 1997, 116 I. scapularis were sent to our laboratory, but only 24 were received alive.
Further Studies. The disease transmission potential of a tick species is a primary consideration in determining the potential impact of a tickbite on a patient. Further molecular characterization of B. burgdorferipositive A. americanum and D. variabilis is warranted to identify the detected sequences, more data and further research is needed to determine the etiological agent(s) of Lyme disease in the southeastern and south-central United States, and additional studies should be conducted to determine the ability of A. americanum and D. variabilis to vector agents of Lyme disease or Lyme disease-like illnesses.
The Tick-Borne Disease Laboratory is part of the Entomological Sciences Program of USACHPPM, it is staffed by entomologists, and it does not offer human diagnostic testing services for tick-borne pathogens. No human samples (blood, tissue, urine) are analyzed in the laboratory, and it is beyond the scope of services of the Human Tick Test Kit Program to follow the clinical outcome of the people bitten by the ticks that are analyzed by the laboratory; however, correlating the PCR results of the ticks and the clinical history of the tickbite victims would provide valuable information about tick-borne pathogen transmission. An epidemiological study of the incidence of human cases of tick-borne diseases at the installations participating in the Human Tick Test Kit Program should be undertaken.
